The preparation, characterization and desulphurization of hexadecyltrimethylammonium bromide (CTAB)-intercalated montmorillonite (CTAB-MMT) and SiO 2 Ce-pillared montmorillonite (SiO 2 Ce-MMT) is described. CTAB-MMT, SiO 2 Ce-MMT and MMT (the original clay) were examined for their ability to remove thiophene sulphur from normal heptane solution as well as from synthetic gasoline. The adsorption thermodynamics and kinetics on all three adsorbents were investigated when it was found that SiO 2 Ce-MMT possessed a higher adsorption capacity than MMT and CTAB-MMT. The adsorption capacity increased as the temperature increased in the range 303-333 K. The data for the adsorption equilibrium were well fitted by the Freundlich isotherm model. Negative values of ΔG 0 suggested that the adsorption process was spontaneous. Furthermore, positive ΔH 0 and ΔS 0 values indicated that the adsorption was endothermic and irreversible.
INTRODUCTION
The sulphur content of fuel raises environmental concerns because the corresponding sulphur compounds are converted to SO x during combustion, which not only contributes to acid rain but also poisons the catalyst employed for exhaust emission treatment. Future environmental regulations will be required to further lower the sulphur content of fuel. Fluidized catalytic cracking (FCC) gasoline, which comprises a large proportion of commercial gasoline, has a higher sulphur content. Hence, there is an urgent need for the desulphurization of FCC gasoline. In an attempt to lower the sulphur content of fuel, researchers have developed a variety of desulphurization technologies (Meille et al. 1998; Furimsky and Massoth 1999; Babich and Moulijn 2003; Song and Ma 2003) . These include hydrodesulphurization (HDS), adsorption desulphurization, extraction desulphurization, alkylation of thiophenic sulphur, precipitation desulphurization and biodesulphurization. Of these, adsorption desulphurization (Salem 1994; Ma et al. 2002; Song 2003) has several advantages, such as low cost, easy operation and zero hydrogen consumption. Current adsorbents are mainly limited to activated carbon, activated carbon fibre, zeolite, coke, resin and metal oxides.
Montmorillonite (MMT) is a type of natural clay whose 2:1 layer structure was first described by Marshall (1935) as containing a basic unit consisting of two silica tetrahedral sheets and a central alumina octahedral sheet. Exchangeable cations such as Na + and Ca 2+ in the interlayer region balance the negative charges generated by isomorphic substitution and can be easily exchanged by other cationic species in solution. The interlayer spacing varies with the nature of the exchanged cationic compositions. Various attempts have been made to improve the structure and performances of MMT, with intercalation and pillaring being typically applied. Intercalation of MMT by a surfactant enhances its hydrophobicity and effectively increases the basal space, thereby benefitting the adsorption of organic species from water (Lee et al. 2005; Sanchez-Martin et al. 2006) . Relative to original clay, pillared interlayered clays (PILCs) with two-dimensional porous structures exhibit substantial improvements in basal space, specific surface area, pore volume and thermal stability. As a consequence, pillared MMT has many potential applications in the fields of catalysis, adsorption and separation (Gil et al. 2000 (Gil et al. , 2008 Bhattacharyya and Gupta 2008; Damardji et al. 2009 ). Recently, MMT and its modified samples have also been used as desulphurizers of organic sulphur in a fat phase (Kulprathipanja et al. 1998; Mikhail et al. 2002; Zhao et al. 2006; Na et al. 2009 ).
Thiophene and its derivatives are major organic sulphides in FCC gasoline. In order to lower the sulphur content of FCC gasoline, the removal of thiophene and its derivatives is critical in any desulphurization process. The objective of the present study was to investigate the adsorption of thiophene from synthetic gasoline employing MMT and two modified MMTs [CTAB-intercalated MMT (CTAB-MMT) and SiO 2 -Ce-pillared MMT (SiO 2 Ce-MMT)]. The synthetic gasoline was prepared by dissolving different amounts of thiophene in n-heptane. The Henry, Freundlich, Langmuir and Temkin isotherm equations were used to fit the equilibrium adsorption data in order to determine the best-fitting model. The thermodynamic parameters ΔH 0 , ΔS 0 and ΔG 0 were also calculated.
MATERIALS AND METHODS

Materials
Raw clay Na-type montmorillonite (MMT) was purchased from the Zhejiang Fenghong Clay Chemical Engineering Co., Ltd., Anji, Zhejiang Province, P. R. China. The cation-exchange capacity (CEC) of MMT was 100 mmol/100 g. Tetraethyl orthosilicate (TEOS) and Ce(NO 3 ) 3
• 6H 2 O were purchased from the Shanghai Chemical Reagent Co., Ltd., Shanghai, P. R. China. Hexadecyltrimethylammonium bromide (CTAB) was purchased from the Shanghai Lingfeng Chemical Regent Co., Ltd., Shanghai, P. R. China, while thiophene (+99%) and n-heptane were obtained from the Shanghai Feida Industry & Commerce Co., Ltd., Shanghai, P. R. China. Synthetic gasoline with different sulphur contents was prepared by dissolving thiophene in n-heptane at different concentration levels.
Preparation of SiO 2 -Ce pillared MMT (SiO 2 Ce-MMT)
TEOS was added dropwise to a mixture of nitric acid (2 M) and absolute ethanol at a TEOS/HNO 3 /ethanol ratio of 46.1 g:10 mᐉ:12 mᐉ. Then, Ce(NO 3 ) 3
• 6H 2 O was added to the mixture at a Ce/TEOS molar ratio of 0.3:1. The resulting mixture was stirred at room temperature for 1 h and aged for 2 h at the same temperature to obtain the stable SiO 2 -Ce sol. The sol was then mixed with MMT at an Si/MMT ratio of 18 mmol/1 g. The final mixture was treated in an ultrasonic water bath at room temperature for 30 min, centrifuged and the resulting solid washed several times with de-ionized water. After drying at 333 K, the sample was calcined at 673 K for 2 h to obtain the pillared MMT. This sample is designed below as SiO 2 Ce-MMT.
Preparation of surfactant (CTAB)-intercalated MMT (CTAB-MMT)
MMT was dispersed in de-ionized water to form a clay slurry containing 2.5 wt% MMT. CTAB was then added to the clay slurry at a 0.3CEC ratio under vigorous stirring at 333 K for 6 h. After this time, the mixture was centrifuged, washed with de-ionized water until the washings were free from any residual reactants as demonstrated by the bromine test, and finally dried at 333 K. This sample is designed below as CTAB-MMT.
Characterization of samples
XRD measurements were carried out using a Rigaku S/max 2550 VB/PC X-ray diffractometer employing Cu Kα radiation (λ = 1.54056 Å) with continuous scanning at 2θ steps of 0.02° at a rate of 1.0 s per step. Such analyses were carried out at room temperature over the 2θ range 1.2-10°, this being the characteristic range for investigating the structures of layer silicates.
Nitrogen adsorption/desorption isotherms of the samples were obtained at 77 ± 0.5 K using a Micromeritics Omnisorb 100CX gas adsorption analyzer. Before such measurements, the samples were pre-treated in a vacuum at 473 K for 5 h then loaded into the sample vessel at a loading of 0.2-0.4 g. The BET surface areas, total pore volumes, average pore diameters and pore-size distribution curves for the various samples were calculated by conventional methods.
Desulphurization of synthetic gasoline
The desulphurization of synthetic gasoline was carried out as follows. Thus, 8 mᐉ of a solution of thiophene in n-heptane at an appropriate concentration was mixed with 1.0 g adsorbent in a 50 mᐉ stoppered test-tube and the resulting mixture placed in a water bath maintained at a known temperature. After adsorption had occurred, the resulting mixture was centrifuged and the amount of thiophene present in the supernatant fluid determined. The effects of adsorption temperature (303 K, 318 K and 333 K) and the initial concentration of thiophene (C 0 , 50-500 mg/g) on the removal efficiency of thiophene from n-heptane solution were investigated. Adsorption isotherms of MMT, CTAB-MMT and SiO 2 Ce-MMT at 303 K, 318 K and 333 K were obtained from measurements up to the equilibrium state. Adsorption kinetics were measured by analyzing the absorbance of the solution of thiophene in n-heptane at different time intervals. A blank test was also performed under the same conditions.
The thiophene content of the synthetic gasoline was determined via a UV-vis spectrophotometer (UV-2102 PC model, UNICO, Shanghai, P. R. China) at a λ max value of 231 nm.
RESULTS AND DISCUSSION
Structural analysis
Figure 1 overleaf illustrates the X-ray diffraction patterns of MMT, CTAB-MMT and SiO 2 Ce-MMT over the small-angle region of the spectrum (1.2-10°). The XRD characteristic peak of the original clay (MMT) appears a 2θ angle of 6.89° (d 001 = 1.27 nm). After intercalation by CTAB molecules and pillaring by SiO 2 -Ce sol particles, the basal spacing of CTAB-MMT and SiO 2 Ce-MMT expanded to 1.52 nm and 1.60 nm, respectively, indicating that CTAB molecules and SiO 2 -Ce sol particles had penetrated the interlayer spacing of MMT. Figure 2 shows the nitrogen adsorption/desorption isotherms of MMT, CTAB-MMT and SiO 2 Ce-MMT as measured at 77 K. All the isotherms are similar to Type IIb in the IUPAC classification. This indicates that the samples contained aggregates of plate-like particles and non-rigid slit-shaped pores (Rouquerol et al. 1999) . The hysteresis loop for SiO 2 Ce-MMT was much larger than that for MMT because of the development of the porous structure via a pillaring process.
The pore structure parameters of MMT, CTAB-MMT and SiO 2 Ce-MMT are listed in Table 1 . In comparison with MMT, it will be seen that the specific surface area (S BET ), micropore area (S mp ), external surface area (S ex ), total pore volume (V pore ) and the maximum adsorption volume (V max ) values for CTAB-MMT were lower than those for MMT, while the average pore diameter (D pore ) was obviously higher. Because of the increase in the basal spacing of CTAB-MMT, the layer structure became looser and the number of layer structures per unit mass decreased. The SiO 2 Ce-MMT sample was formed by intercalating porous SiO 2 -Ce 2 O 3 oxide particles into the interlayer regions. Thus, besides its two-dimensional pore structure, the decrease in D pore and the larger values for S BET and V pore for SiO 2 Ce-MMT were due to the "card-house" formed by the stack of the delaminated structure and the porous structure of the SiO 2 -Ce 2 O 3 oxide pillars in the interlayer regions of SiO 2 Ce-MMT (Ooka et al. 1999; Jagtap and Ramaswamy 2006) . The V max value of SiO 2 Ce-MMT decreased because the micropore was too small to undergo capillary condensation even at high relative pressures.
The pore-size distributions were calculated from the desorption branch of the respective isotherms employing the Barrett-Joyner-Halenda (BJH) method. The pore-size distributions of MMT, CTAB-MMT and SiO 2 Ce-MMT are depicted in Figure 3 . MMT showed a bimodal distribution at 3.8 nm and 32 nm. CTAB-MMT also showed a similar distribution at 3.4 nm and 23 nm. However, the volume fraction (V pore ) corresponding to the two peaks evidently diminished because of the degeneration of the pore structure. In comparison, SiO 2 Ce-MMT presented a unimodal distribution centred at 3.7 nm and a remarkable increase in the value of V pore due to the existence of the porous SiO 2 Ce pillars. Figure 4 shows the effects of the initial concentration of thiophene in n-heptane (C 0 ) on the removal of thiophene by the three adsorbents at 303 K, 318 K and 333 K, respectively. It is seen that CTAB-MMT and SiO 2 Ce-MMT exhibited a better desulphurization performance than MMT. Furthermore, the equilibrium desulphurization ratio of the three adsorbents increased with increasing adsorption temperature. On the whole, the removal ratio of thiophene increased as its initial concentration in n-heptane increased, except for SiO 2 Ce-MMT at 333 K. This could have been caused by the competitive adsorption of thiophene and the solvent (n-heptane) on the surfaces of the clays. 
Effect of initial thiophene concentration (C 0 )
Adsorption isotherms of thiophene in synthetic gasoline
Figure 5 overleaf illustrates the adsorption isotherms of thiophene in n-heptane onto the three adsorbents at 303 K, 318 K and 333 K, respectively. All the isotherms exhibit similar trends. The equilibrium adsorption capacity increased as both the initial concentration of thiophene and the temperature increased. This demonstrates that increasing the temperature would be beneficial towards the adsorption of thiophene onto MMT, CTAB-MMT and SiO 2 Ce-MMT.
In order to establish the thermodynamic properties of the various systems, the equilibrium adsorption data for the three adsorbents at the various temperatures studied were fitted by the following isotherm models: Henry, Freundlich, Langmuir and Temkin.
Henry's law considers the adsorbed phase as a two-dimensional ideal gas and assumes that adsorption occurs to form a monolayer on the adsorbent surface. This model may be expressed mathematically as:
where Q e is the amount of adsorbate per unit mass of adsorbent (mg/g) and C e is the solute concentration in the solvent at equilibrium (mg/ᐉ). K H corresponds to the adsorption equilibrium constant (ᐉ/g). The Freundlich equation assumes that the adsorbent surface is heterogeneous and has different adsorption heats at different sites. This model may be expressed mathematically as: (2) where K F is the Freundlich equation constant [(mg/g)(mg/ᐉ) -1/n ] and n is the heterogeneity factor of the adsorbent surface.
The Langmuir theory assumes monolayer adsorption onto a homogeneous adsorbent surface. It may be expressed mathematically as: (3) where Q m is the maximum adsorption capacity (mg/g) and K L is the binding constant (ᐉ/mg). The quantities Q m and K L can be determined from the linear plot of C e /Q e versus C e . The Temkin equation is based on two assumptions: (i) that the adsorption heat decreases linearly as the fractional coverage of the surface increases; and (ii) that adsorption involves a uniform or maximum binding energy (Temkin and Pyzhev 1940; Kim et al. 2004) . It may be expressed mathematically as:
where B 0 is a constant which is independent of the fractional surface coverage (ᐉ/mol) and K T is a constant related to the initial adsorption heat and temperature, viz. the maximum binding energy of adsorption.
The four adsorption models were applied to the experimental data obtained in the current study and their parameters calculated by least-squares fits. These are listed in Table 2 . The correlation coefficients show the adequacy of a particular isotherm equation for fitting the experimental equilibrium adsorption data. Over the concentration range studied, equilibrium adsorption of thiophene onto the three adsorbents was best fitted by the Freundlich equation, although the experimental data showed a comparable fitting by the Henry equation. Figure 6 below shows the linear Freundlich plots obtained.
It should be noted that the correlation coefficients for the Langmuir model are far removed from unity. This suggests that the adsorption of thiophene onto the adsorbent surfaces could be asymmetric to form a monomolecular layer. The value of the constant K H of Henry's equation provides a measure of the driving force of the adsorbate to the adsorbent. The higher the value of K H , the stronger is this combining force. It will be noted that all three adsorbents exhibited the same trend in that the value of K H increased (and thus Q e increased) as the adsorption temperature increased at a given concentration. At the same temperature, the values of K H for the modified montmorillonites (CTAB-MMT and SiO 2 Ce-MMT) were larger than that for the raw clay (MMT), thereby indicating that the modified montmorillonites exhibited a higher adsorption capacity towards thiophene.
Adsorption kinetics
The adsorption of an adsorbate onto a porous material usually involves three steps: (i) migration of the adsorbate into the liquid film surrounding the adsorbent; (ii) diffusion of the adsorbate into the adsorbent particles; and (iii) adsorption of the adsorbate onto the adsorbent. It is known that adsorption and desorption occur simultaneously. If adsorption is dominant, the adsorption capacity (Q t ) will increase with time. Figure 7 below shows the value of Q t for the adsorption of thiophene onto MMT, CTAB-MMT and SiO 2 Ce-MMT at different times. For all three adsorbents, the adsorption rate of thiophene was very high over the initial stages of the process, with Q t attaining peak values at times of 3-7 min and 10-20 min, respectively. After the latter time, the values of Q t continued to increase until they finally stabilized at their equilibrium value at 120 min. It should be noted that the equilibrium adsorption capacity, Q e , did not correspond to the maximum value in the overall adsorption process. Similar Q t versus time curves have also been reported by Zermane et al. (2005) .
Thermodynamic study
The thermodynamic parameters include the standard Gibbs' free energy, ΔG 0 , the standard enthalpy change, ΔH 0 , and the standard entropy change, ΔS 0 . The magnitude of ΔG 0 determines where x is the molar concentration of thiophene in the n-heptane solution and Q is the adsorption capacity of a given adsorbent (mmol/g). As mentioned above, the equilibrium adsorption of thiophene onto the three adsorbents was best fitted by the Freundlich equation. When Q is substituted by the Freundlich equation, ΔG 0 can be expressed by the following expression which is unrelated to Q (Juang et al. 1999) :
The magnitude of ΔH 0 determines whether the adsorption process is endothermic or exothermic in nature. According to the van't Hoff equation, the adsorption enthalpy, ΔH 0 , may be expressed by:
The adsorption enthalpy ΔH 0 is closely related to the adsorption capacity. When the adsorption capacity is a fixed value, the adsorption enthalpy ΔH 0 may be expressed by the relationship (Garcla-Delgado et al. 1992) : (8) where R is the ideal gas constant [8.314 J/(mol K)], T is the absolute temperature (K) and K′ is a constant.
When the equilibrium adsorption capacities (Q e ) of the raw and modified clays are fixed values at different temperatures (303 K, 318 K and 333 K), the corresponding equilibrium concentrations (C e ) can be derived from the Freundlich equation. Then, on substituting C e and T into equation (8), the value of ΔH 0 can be calculated from the slope of the plot of log(1/C e ) versus 1/T.
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. log 1 2 303 The value of ΔS 0 can be calculated from the Gibbs-Helmholtz equation:
Table 3 above lists the data for the Gibbs' free energy of adsorption, the adsorption enthalpy and the adsorption entropy as calculated from equations (6), (8) and (9), respectively. The values of ΔH 0 for all three adsorbents were positive. This indicates that the adsorption of thiophene onto MMT, CTAB-MMT and SiO 2 Ce-MMT was an endothermic process in each case. This is consistent with the effect of temperature on the equilibrium adsorption (Q e ), namely that Q e increased with increasing operation temperature. The negative values of ΔG 0 confirm that the adsorption of thiophene onto MMT, CTAB-MMT and SiO 2 Ce-MMT was a spontaneous process in each case. The positive values of ΔS 0 show the system tended towards equilibrium and suggest some changes in the surface structures of the adsorbents employed (Li et al. 2008) .
CONCLUSIONS
The preparation of CTAB-intercalated montmorillonite (CTAB-MMT) and SiO 2 -Ce-pillared montmorillonite (SiO 2 Ce-MMT) has been demonstrated. The corresponding compounds have been characterized by XRD and N 2 adsorption/desorption methods and their adsorption performances towards the removal of thiophene from synthetic gasoline investigated. Both CTAB-MMT and SiO 2 Ce-MMT exhibited better adsorption capacities towards thiophene than MMT. The adsorption capacities of the three adsorbents increased as the operational temperature was increased in the range 303-333 K. The equilibrium adsorption data for the three adsorbents were best fitted by the Freundlich isotherm model. Negative ΔG 0 values confirmed the spontaneity of the adsorption process. Positive ΔH 0 and ΔS 0 values demonstrated the endothermic nature and irreversibility of the adsorption process. 
